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(57) 
Embodiments of the present invention provide a system that 
controls noise in a power system that includes a power rail and 
a ground rail. The system includes a MOS transistor coupled 
in series with a decoupling capacitor between the power rail 
and the ground rail and an inductive packaging connection 
coupled to the power rail in parallel with the MOS transistor 
and the decoupling capacitor. The combination of MOS tran 
sistor, decoupling capacitor, and inductive packaging connec 
tion form a resonant circuit. During operation, the system 
determines if there is noise in a V signal on the power rail. 
Based on the noise present in the V signal, the system 
adjusts the impedance of the MOS transistor to reduce the 
noise in a frequency range near a frequency of interest 
(o) of the resonant circuit without causing an unneces 
sary increase in Switching noise at other frequencies. 

ABSTRACT 

25 Claims, 5 Drawing Sheets 
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VARABLE-IMPEDANCE GATED 
DECOUPLNG CELL 

BACKGROUND 

1. Field of the Invention 

Embodiments of the present invention relate to circuits. 
More specifically, embodiments of the present invention 
relate to the design of a variable-impedance gated decoupling 
cell. 

2. Related Art 
Recent developments in integrated circuit technologies 

have enabled designers to create complex integrated circuits 
on semiconductor chips which include both digital and ana 
log circuitry. A “system-on-a-chip' (SOC) is one such inte 
grated circuit, which includes different types of circuits that 
enable the SOC to perform a wide variety of functions. For 
example, SOCs can include controllers, processors, graphics 
and audio processors, transceivers, networking devices, com 
munication circuits, memories, and other types of circuits. 
These functional capabilities enable SOCs to be used in 
devices such as cell phones, personal digital assistants, 
embedded systems, portable computers, media players, desk 
top computers, household electronics and appliances, device 
controllers, and many other devices. 

Generally, SOCs (and virtually all other types of semicon 
ductor chips) include power rails (commonly called V) and 
ground rails (commonly called V), which are separately 
coupled from the SOC to a printed circuit board (PCB) power 
plane through inductive packaging connections to provide 
electrical power (and ground) for the SOC. On-chip decou 
pling capacitors are often coupled between the power and 
ground rails to filter out unwanted high frequency noise in the 
V signal. (Note that we call the signal on the power rail the 
“V signal) Depending on the application, the decoupling 
capacitors can be a metal-oxide-silicon (MOS) decoupling 
capacitors, metal-insulator-metal (MIM) capacitors, Varac 
tors, or other forms of decoupling capacitors. For example, 
FIG. 1 presents a circuit diagram of a typical MOS decou 
pling capacitor 100. 

Unfortunately, the parallel combination of the inductive 
packaging connection to V, and on-chip decoupling capaci 
tors creates a resonant LC circuit whose impedance can be 
high in a range of frequencies near a resonance frequency 
(()). Consequently, noise in the range of frequencies near 
(), is not filtered from the V signal. Depending on the 
application, this range of frequencies can include frequencies 
from a within a few HZ of co, to withinkHz, MHz, or GHz of 
() es 

To remedy this problem, Some designers have proposed 
placing dissipative elements, such as fixed-value resistors, in 
series with the decoupling capacitors. FIG. 2 presents a cir 
cuit diagram of resistor 202 in series with MOS capacitor 200. 
Unfortunately, while eliminating noise near (), this tech 
nique can reduce the efficiency of the decoupling capacitors 
for controlling noise in the V signal in other frequency 
ranges. In a related development, some designers have pro 
posed adding a MOS transistor in series with the decoupling 
capacitor to enable a system to disable the circuit path to the 
decoupling capacitor when the decoupling capacitor is not 
required. Unfortunately, the MOS transistors in these systems 
are either “ON” or “OFF' and in circumstances where the 
MOS transistors are ON, the system can still experience 
excessive noise near () es 

Hence, what is needed is a decoupling mechanism which 
does not suffer from the above-described problems. 
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2 
SUMMARY 

Embodiments of the present invention provide a system for 
controlling noise in a power system that includes a power rail 
and a ground rail. The system includes: (1) a decoupling 
capacitor having a first lead which is coupled to the ground 
rail; (2) a MOS transistor coupled in series with the decou 
pling capacitor, wherein a source of the MOS transistor is 
coupled to the power rail and a drain of the MOS transistor is 
coupled to a second lead on the decoupling capacitor, and (3) 
an inductive packaging connection coupled to the power rail. 
The MOS transistor and the decoupling capacitor are config 
ured to be in parallel with the inductive packaging connec 
tion, thereby forming a resonant circuit. In addition, the sys 
tem includes a control circuit within an input coupled to the 
power rail and an output coupled to a gate of the MOS tran 
sistor. During operation, the control circuit determines a noise 
in the V signal. The control circuit is configured to adjust a 
voltage applied to the gate of the MOS transistor based on the 
noise in the V signal, thereby changing an impedance of the 
MOS transistor to reduce the noise in a frequency range near 
a frequency of interest (()) of the resonant circuit with 
out causing an unnecessary increase in Switching noise at 
other frequencies. Note that the frequency of interest can be 
defined to be a frequency at which the circuit is likely to 
experience noise in the V signal. For example, the fre 
quency of interest can be a resonance frequency of the reso 
nant LC circuit (co) or a frequency near the operating fre 
quency of the circuit (coe). 

In some embodiments of the present invention, the control 
circuit comprises: (1) a noise-sensing mechanism configured 
to monitor the V signal and output at least one signal rep 
resenting the noise in at least one frequency range of the V 
signal; and (2) a determination mechanism configured to 
receive the at least one signal from the noise-sensing mecha 
nism and adjust the voltage applied to the gate of the MOS 
transistor. 

In some embodiments of the present invention, the noise 
sensing mechanism is configured to output a present repre 
sentation of the noise in the V signal in a predetermined 
frequency range near (), and a present amplitude of the 
noise in the V signal in at least one other frequency range of 
the V signal. In these embodiments, the determination 
mechanism is configured to determine a change in the imped 
ance of the MOS transistor by comparing the present ampli 
tude of the noise in the V signal in the predetermined fre 
quency range near (), to at least one previous amplitude 
of the noise in the V signal in the predetermined frequency 
range near (), and by comparing the present amplitude of 
the noise in at least one other frequency range of the V 
signal to at least one previous amplitude of the noise in at least 
one other frequency range of the V signal. 

In some embodiments of the present invention, the noise 
sensing mechanism is configured to down-convert the total 
noise power in the V signal to a DC signal and output the DC 
signal. In these embodiments, the determination mechanism 
is configured to determine the noise in the V signal by 
comparing a present value of the DC signal to at least one 
previous value of the DC signal. 

In some embodiments of the present invention, the noise 
sensing mechanism is configured to detect a present peak in 
an amplitude of at least one frequency range of the V signal 
and output the present peak. In these embodiments, the deter 
mination mechanism is configured to determine the imped 
ance of the MOS transistor by comparing the present peak to 
a previous peak in the amplitude of the at least one frequency 
range of the V signal. 
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In some embodiments, when outputting the present ampli 
tude of the noise in the V signal in a given frequency range, 
the noise-sensing mechanism is configured to sample the 
noise in the V signal two or more times and compute a value 
for the present amplitude that represents the two or more 
samples of the noise in the V signal. For example, the 
noise-sensing mechanism can compute a cumulative value, 
an average value, or another value. 

In some embodiments of the present invention, the control 
circuit is configured to increase the impedance of the MOS 
transistor to decrease the noise in the frequency range near 
(), or decrease the impedance of the MOS transistor to 
decrease the Switching noise at other frequencies. 

In some embodiments of the present invention, the decou 
pling capacitor is a metal-oxide-silicon (MOS) capacitor, a 
metal-insulator-metal (MIM) capacitor, or a varactor. 

In some embodiments of the present invention where the 
decoupling capacitor is a MOS transistor, the MOS transistor 
is NMOS and the decoupling capacitor is PMOS. In other 
embodiments of the present invention where the decoupling 
capacitor is a MOS transistor, the MOS transistor is PMOS, 
and the decoupling capacitor is NMOS. 

In some embodiments of the present invention, the MOS 
transistor is configured to operate in a linear region, wherein 
a change in the voltage applied to the gate of the MOS tran 
sistor produces a proportional change in impedance of the 
MOS transistor. 

Embodiments of the present invention provide a system 
that controls noise in a power system that includes a power 
rail and a ground rail, wherein a first lead of a decoupling 
capacitor is coupled to the ground rail, a MOS transistor is 
coupled in series with the decoupling capacitor, with a source 
of the MOS transistor coupled to the power rail and a drain of 
the MOS transistor coupled to a second lead on the decou 
pling capacitor, and an inductive packaging connection is 
coupled to the power rail, and wherein the MOS transistorand 
the decoupling capacitor are configured to be in parallel with 
the inductive packaging connection, thereby forming a reso 
nant circuit. The system starts by determining if there is noise 
in a V signal on the power rail. Then, based on the noise in 
the V signal, the system adjusts a voltage applied to the gate 
of the MOS transistor, thereby changing an impedance of the 
MOS transistor to reduce the noise in a frequency range near 
a (), of the resonant circuit without causing an unneces 
sary increase in Switching noise at other frequencies. 

Embodiments of the present invention provide a semicon 
ductor chip for controlling noise in a power system that 
includes a power rail and a ground rail. The SOC comprises: 
(1) a set of circuitry coupled between the power rail and the 
ground rail, wherein the power rail and the ground rail pro 
vide electrical power and ground for the set of circuitry; (2) a 
decoupling capacitor having a first lead which is coupled to 
the ground rail; (3) a MOS transistor coupled in series with 
the decoupling capacitor, wherein a source of the MOS tran 
sistor is coupled to the power rail and a drain of the MOS 
transistor is coupled to a second lead on the decoupling 
capacitor, and (4) an inductive packaging connection coupled 
to the power rail. The MOS transistor and the decoupling 
capacitor are configured to be in parallel with the inductive 
packaging connection, thereby forming a resonant circuit. In 
addition, the system includes a control circuit within an input 
coupled to the power rail and an output coupled to a gate of the 
MOS transistor. During operation, the control circuit moni 
tors a noise in the V signal. The control circuit is configured 
to adjust a voltage applied to the gate of the MOS transistor 
based on the noise in the V signal, thereby changing an 
impedance of the MOS transistor to reduce the noise in a 
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4 
frequency range near a (), of the resonant circuit without 
causing an unnecessary increase in Switching noise at other 
frequencies. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 presents a circuit diagram of a typical MOS decou 
pling capacitor. 

FIG. 2 presents a circuit diagram of a resistorin series with 
a MOS capacitor. 

FIG. 3 presents a block diagram illustrating an exemplary 
system on a chip (SOC) in accordance with embodiments of 
the present invention. 

FIG. 4 presents a circuit diagram of a variable-impedance 
decoupling capacitor cell in accordance with embodiments of 
the present invention. 

FIG. 5 presents a graph illustrating an original impedance 
and an adjusted impedance in accordance with embodiments 
of the present invention. 

FIG. 6 presents a block diagram of a control circuit in 
accordance with embodiments of the present invention. 
FIG.7 presents a graph illustrating the effect of a series of 

MOS transistor impedance adjustments in a variable-imped 
ance decoupling capacitor cell coupled to a V signal in 
accordance with embodiments of the present invention. 

FIG. 8 presents a flowchart illustrating the process of con 
trolling noise in a V signal in accordance with embodiments 
of the present invention. 

DETAILED DESCRIPTION 

The following description is presented to enable any per 
son skilled in the art to make and use the invention, and is 
provided in the context of a particular application and its 
requirements. Various modifications to the disclosed embodi 
ments will be readily apparent to those skilled in the art, and 
the general principles defined herein may be applied to other 
embodiments and applications without departing from the 
spirit and scope of the present invention. Thus, the present 
invention is not limited to the embodiments shown, but is to 
be accorded the widest scope consistent with the claims. 
Overview 

Embodiments of the present invention provide a variable 
impedance decoupling capacitor cell that can be used to 
reduce power system noise in many different types of semi 
conductor chips, such as a “system on a chip' (SOC), a 
processor, an application-specific integrated circuit (ASIC), 
or another type of semiconductor chip that includes inte 
grated circuits. 
The variable-impedance decoupling capacitor cell 

includes a MOS transistor coupled in series with a decoupling 
capacitor, wherein the series pair is coupled between a V 
signal and a V signal on the semiconductor chip. By adjust 
ing the impedance of the MOS transistor within the variable 
impedance decoupling capacitor cell, these embodiments can 
change impedance of the resonant LC circuit formed by the 
decoupling capacitor in parallel with a set of inductive pack 
aging connections, thereby reducing noise near a frequency 
of interest (()) in the V signal. Note that the frequency 
of interest can be defined to be a frequency at which the circuit 
is likely to experience noise in the V signal. For example, 
the frequency of interest can be a resonance frequency of the 
circuit ((),) or a frequency near the operating frequency of 
the circuit (c)). 

In embodiments of the present invention, a control circuit 
that controls the impedance of the MOS transistor monitors 
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noise in the V signal. The control circuit changes the imped 
ance of the MOS transistor to minimize the present monitored 
noise in the V signal in comparison to noise detected at 
previous impedance adjustments of the MOS transistor. 

In some embodiments of the present invention, when moni 
toring the noise on the V signal, the control circuit monitors 
noise in multiple frequency ranges in the V signal. In these 
embodiments, the control circuit can adjust the impedance of 
the MOS transistor to minimize the noise in one or more 
frequency ranges. For example, the control circuit can moni 
tor noise in a range of frequencies near (), and at another 
range of frequencies near (). Depending on the semi 
conductor chip and the system in which the semiconductor 
chip is used, the range offrequencies near (), can include 
frequencies from a within a few HZ of () to withinkHz, 
MHz, or GHZ of () 

In an alternative embodiment, the control circuit monitors 
overall noise by downconverting all noise to direct current 
(DC) (e.g., using a diode). 

In embodiments of the present invention, the control circuit 
includes analog circuits. However, in alternative embodi 
ments, some or all of the control circuit includes digital cir 
cuits. 

iterest 

iterest 

System on a Chip 
FIG. 3 presents a block diagram illustrating an exemplary 

system on a chip (SOC) 300 in accordance with embodiments 
of the present invention. SOC 300 includes circuitry 302 and 
304 and variable-impedance decoupling capacitor cell 301. 
SOC 300 also includes a packaging system with a power rail 
(i.e., the V signal) and a ground rail (i.e., the V signal) for 
supplying power (and ground) to circuitry 302 and 304. 

Note that although we describe embodiments of the present 
invention in the context of SOC 300, in alternative embodi 
ments variable-impedance decoupling capacitor cell 301 can 
be used with different types of semiconductor chips. For 
example, variable-impedance decoupling capacitor cell 301 
can be used in processors, logic chips, memory chips, ASICs, 
analog chips, and other types of semiconductor chips. In 
addition, although we describe embodiments of the present 
invention using noise in a V signal, embodiments of the 
present invention can be used to reduce other forms of signal 
noise using the same principles. 
SOCs (such as SOC 300) are generally used in electronic 

devices such as cell phones, personal digital assistants, 
embedded systems, portable computers, media players, elec 
tronic gaming systems, desktop computers, household elec 
tronics and appliances, device controllers, and other devices. 
Depending on the device for which SOC 300 is intended, 
circuitry 302 and 304 can include digital and/or analog cir 
cuits that perform different functions. For example, circuitry 
302 and 304 can include controllers, processors, graphics and 
audio processors, transceivers, networking devices, commu 
nication circuits, memories, detectors, logic circuits, RF 
transmitter circuits, display drivers, global position sensor 
(GPS) circuits, digital signal processors, encryption circuits, 
analog circuits, and other circuits. 

In some embodiments of the present invention, SOC 300 
includes circuits such as gated power and/or clock distribu 
tion systems (not shown) that can be used to reduce power 
consumption. In these embodiments, when a portion of SOC 
300's circuitry is not in use, SOC 300 can prevent the unused 
circuitry from drawing power or serving as a load on the clock 
distribution system. For example, SOC 300 may include a 
power gating circuit to block the V signal to circuitry 302. 
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6 
Hence, during operation, circuitry 302 may be switched from 
an idle state to an active state, which can cause fluctuations in 
the Voltage of the V signal. 

Variable-impedance decoupling capacitor cell 301 is 
coupled between V and V to filter noise from the V 
signal. Internally, variable-impedance decoupling capacitor 
cell 301 includes a decoupling capacitor 404 (see FIG. 4) and 
a MOS transistor 402 in series, as well as a signal coupled 
from the gate connection of MOS transistor 402 to an external 
control circuit 406. Note that decoupling capacitor 404 can be 
a metal-oxide-silicon (MOS) decoupling capacitor, a metal 
insulator-metal (MiM) capacitor, a varactor, or another form 
of decoupling capacitor. 

Based on noise in the V signal, control circuit 406 adjusts 
a Voltage value of the signal coupled to the gate connection of 
MOS transistor 402 to adjust the impedance of the MOS 
transistor 402, thereby changing the impedance of the reso 
nant circuit. For example, control circuit 406 can increase the 
impedance of MOS transistor 402 to decrease the overall 
impedance of the resonant circuit in a range of frequencies 
near a frequency of interest (c),), or can decrease the 
impedance of MOS transistor 402 to decrease the impedance 
of the resonant circuit at one or more other frequencies. Note 
that (), can be defined to be a frequency at which the 
circuit is likely to experience noise in the V signal. For 
example, the frequency of interest can be a resonance fre 
quency of the circuit ((),) or a frequency near the operating 
frequency of the circuit (co). In addition, note that 
depending on the SOC and the application, the range of 
frequencies near (), can include frequencies from a 
within a few Hz of (), to within kHz, MHz, or GHz of 
() ipaterest 

Although we disclose embodiments of the present inven 
tion that include one variable impedance decoupling capaci 
tor cell 301, SOC 300 can include any number of variable 
impedance decoupling capacitor cells 301. For example, 
SOC 300 can include hundreds or thousands of variable 
impedance decoupling capacitor cells 301. In addition, one 
control circuit 406 can simultaneously control the MOS tran 
sistors 402 in multiple variable-impedance decoupling 
capacitor cells 301. In this case, each variable-impedance 
decoupling capacitor cell 301 includes the series pair of MOS 
transistor 402 and decoupling capacitor 404, but one control 
circuit 406 simultaneously adjusts the impedance of the MOS 
transistors 402 in the multiple variable-impedance decou 
pling capacitor cells 301. 

Circuit 
FIG. 4 presents a circuit diagram of a variable-impedance 

decoupling capacitor cell 301 in accordance with embodi 
ments of the present invention. This variable-impedance 
decoupling capacitor cell 301 includes MOS transistor 402 
and decoupling capacitor 404. Note that decoupling capacitor 
404 can be a MOS decoupling capacitor, a MiM capacitor, a 
varactor, or another form of decoupling capacitor. 

In embodiments of the present invention, MOS transistor 
402 can be a PMOS device with a gate connection coupled to 
control circuit 406; a drain connection coupled to decoupling 
capacitor 404; and a source connection coupled to the V 
signal. During operation, MOS transistor 402 functions in the 
triode (or linear) region of the transistor's current-Voltage 
characteristic curve. In the linear region, the impedance of 
MOS transistor 402 can be controlled by varying difference 
between the gate and Source Voltages. Hence, assuming that 
MOS transistor 402 is a PMOS device, control circuit 406 can 
decrease the voltage on the gate connection of MOS transistor 
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402 (with respect to the voltage V coupled to the source 
connection of MOS transistor 402) to decrease the impedance 
of MOS transistor 402. 

Adjusting the impedance of MOS transistor 402 changes 
the damping constant of the resonant circuit created by the 5 
series combination of MOS transistor 402 and decoupling 
capacitor 404 in parallel with SOC300 spackage inductance. 
As the damping constant increases, the impedance of the 
resonant circuit in the range of frequencies near (), 
decreases, leading to less noise in the V signal in the range 10 
of frequencies near (). However, as the impedance of 
MOS transistor 402 increases, the impedance of the resonant 
circuit at frequencies outside the range of frequencies near 
(), also increases. This can increase the Switching noise 
in the V signal at those frequencies. Hence, embodiments of 15 
the present invention monitor the noise in two or more fre 
quency bands of interest and dynamically adjust the imped 
ance of MOS transistor 402 to minimize noise in one fre 
quency range while also controlling noise at other 
frequencies in the V signal. Thus, control circuit 406 can 20 
determine an impedance of MOS transistor 402 to minimize 
noise in one or more frequency bands of interest. 

In some embodiments of the present invention where 
decoupling capacitor 404 is a MOS device, MOS transistor 
402 is an NMOS device, while decoupling capacitor 404 is a 25 
PMOS device. In other embodiments of the present invention 
where decoupling capacitor 404 is a MOS device, MOS tran 
sistor 402 is a PMOS device, while decoupling capacitor 404 
is an NMOS device. 

FIG. 5 presents a graph illustrating an original impedance 30 
and an adjusted impedance in accordance with embodiments 
of the present invention. As shown by the spike in the plot of 
"original impedance, there is initially a spike in the imped 
ance that corresponds to a range of frequencies near (), 
As described above, control circuit 406 detects a noise spike 
associated with the spike in impedance near (), and 
makes an adjustment to the impedance of MOS transistor 
402. Following the impedance adjustment, the effective 
impedance is lower near (),. However, the impedance at 
other frequencies increases with the adjustment to the imped 
aCC. 

Because the amount of noise presentata given frequency is 
related to the impedance at that frequency, making an imped 
ance adjustment to reduce the noise near (), leads to an 
increase in the noise in the V signal for frequency ranges 
outside the frequency range near (). Consequently, 
Some embodiments of the present invention monitor the noise 
in more than one frequency range and balance the reduction 
of the noise in the frequency range near (), against the 
increase of noise in one or more other frequency ranges. 

35 
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Control Circuit 
FIG. 6 presents a block diagram of control circuit 406 in 

accordance with embodiments of the present invention. Con 
trol circuit 406 includes noise-sensing mechanism 602 and 
determination mechanism 604. Generally, control circuit 406 
takes the V signal as an input and outputs an adjustment 
signal to control the impedance of MOS transistor 402. 

Control circuit 406 functions in the following way. First, 
the V signal is input into noise-sensing mechanism 602. In 
Some embodiments of the present invention, noise-sensing 
mechanism 602 includes one or more filtering mechanisms to 
filter one or more frequency ranges from the V signal. For 
example, noise-sensing mechanism can include a low-pass 
filter and/or a band-pass filter that passes frequencies near 
(). In alternative embodiments of the present invention, 
noise-sensing mechanism 602 includes a peak-detection 
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mechanism that detects peaks in the V signal. In other 
alternative embodiments of the present invention, noise-sens 
ing mechanism 602 includes a down-conversion mechanism 
(e.g., a diode) that down-converts the noise signal to DC. 

For the sake of clarity, in the following paragraphs we 
describe embodiments of the present invention where noise 
sensing mechanism 602 uses a filtering mechanism to provide 
determination mechanism 604 with a low-pass filtered signal 
and aband-pass filtered signal (for a range offrequencies near 
co) from the V signal. However, the other embodi 
ments described above function in substantially the same way 
(i.e., these embodiments determine noise in the V signal and 
adjust the impedance of variable-impedance decoupling 
capacitor cell 301 accordingly). 

Noise-sensing mechanism 602 passes a low-pass signal 
and a band-pass signal for a range of frequencies near (), 
filtered from the V signal to determination mechanism 604. 
Within determination mechanism 604, a controller compares 
a present value of the low-passed signal to the band-passed 
signal to determine the difference between the signals. Based 
on the difference, determination mechanism 604 can change 
the adjustment signal to increase or decrease the impedance 
of MOS transistor 402 (see FIG. 4). For example, determina 
tion mechanism 604 can increase the impedance of MOS 
transistor 402 to decrease the overall impedance of the reso 
nant circuit in a range of frequencies near (), or can 
decrease the impedance of MOS transistor 402 to decrease 
the impedance of the resonant circuit at the low frequencies 
(and other frequencies outside the range of frequencies near 
cos). Note that (), can be defined to be a frequency at 
which the circuit is likely to experience noise in the V 
signal. For example, the frequency of interest can be a reso 
nance frequency of the circuit ((),) or a frequency near the 
operating frequency of the circuit (a)). In addition, 
note that depending on the SOC and the application, the range 
of frequencies near (), can include frequencies from a 
within a few HZ of () to within kHz, MHZ, or GHz of 
() 

iterest 

ipaterest 

In some embodiments of the present invention, noise-sens 
ing mechanism 602 outputs a present amplitude of the noise 
in the V signal in a predetermined frequency range near 
co, and a present amplitude of the noise at least one other 
frequency range of the V signal. In these embodiments, 
determination mechanism 604 determines the voltage to 
apply to the gate of the MOS transistor by comparing the 
present amplitude of the noise in the V signal in the prede 
termined frequency range near (), to at least one previous 
amplitude of the noise in the V signal in the predetermined 
frequency range near (), and by comparing the present 
amplitude of the noise in at least one other frequency range of 
the V signal to at least one previous amplitude of the noise 
in at least one other frequency range of the V signal. 

In some embodiments of the present invention, determina 
tion mechanism 604 keeps a record of a predetermined num 
ber of previous impedance adjustments and their associated 
noise values. When determining whether to change the 
adjustment signal (i.e., adjust the impedance of MOS transis 
tor 402), determination mechanism 604 compares the present 
impedance and noise values to one or more prior impedance 
and noise values. Using the prior values, determination 
mechanism 604 can iteratively make adjustments to the 
impedance until the noise near (), and the low-frequency 
noise are balanced (i.e., each of the noise signals is adjusted 
with respect to the effect on the other noise signal). 

In some embodiments of the present invention, determina 
tion mechanism 604 is an operational amplifier (op amp) that 
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outputs a signal reflecting the magnitude of the difference 
between the band-passed signal and the low-passed signal. 

In some embodiments of the present invention, determina 
tion mechanism 604 does not make the noise-level determi 
nations continuously. Instead, the determination (and there 
fore the adjustment to the impedance of MOS transistor 402) 
occurs based on Some predetermined event. For example, 
determination mechanism 604 may make the comparison 
automatically on a periodic basis (i.e., every millisecond, 
second, minute, etc.). On the other hand, determination 
mechanism 604 may not make the comparison until one or 
more conditions is true about the V signal. For example, 
determination mechanism 604 may make the comparison 
when the noise in the V signal has reached a new peak 
relative to prior noise peak values. 
MOS Transistor Impedance Adjustment Plot 
FIG. 7 presents a graph illustrating the effect of a series of 

MOS transistor impedance adjustments in a variable-imped 
ance decoupling capacitor cell 301 coupled to a V signal in 
accordance with embodiments of the present invention. Note 
that we describe only one variable-impedance decoupling 
capacitor cell 301 for the purposes of illustration, but two or 
more variable-impedance decoupling capacitor cells 301 can 
be coupled to the V signal to filter noise using the same 
principles. 

In FIG. 7, the top plot is the V signal, the middle plot is 
exemplary switching noise in SOC300, and the bottom plot is 
the MOS transistor impedance control signal. FIG. 7 includes 
a series of “switch events.” or noise pulses, which affect the 
V signal (e.g., from a large load being applied to the power 
rail, which can cause the V signal to oscillate). Each Switch 
event is marked numerically in the top plot (1, 2, etc.). 

At time Zero, the MOS transistor impedance control signal 
is set to 0 V. resulting in very low impedance across MOS 
transistor 402. Consequently, the parallel combination of the 
inductive packaging connections to SOC 300 and the decou 
pling capacitors 404 creates a resonant LC circuit whose 
impedance is high in a range of frequencies near (), (in 
this example, (), is (),). When the first Switch event 
occurs (a first noise pulse on the V signal), a small amount 
of Switching noise is encountered outside the range of fre 
quencies near (), but significant "ringing noise at 
(), (shown as a sine wave) is seen on the V signal (see 
Switching event 1). 

Note that the Switching noise pulse initially contains many 
frequencies of noise, one of which is in a frequency range near 
co. However, the other frequencies are filtered by the 
decoupling capacitor cell, leaving the noise near (), on 
the V signal. 

Control circuit 406 determines that the noise near (), 
is large while the Switching noise is Small during the first 
switching event. In response, at time 20 nS control circuit 406 
increases the control signal to MOS transistor 402 to 3 V, as 
shown in the lower plot. At 3 V, the impedance of MOS 
transistor 402 is considerably higher than the prior setting. 
As the top plot shows, when Switching event 2 occurs, 

because of the increased impedance of MOS transistor 402. 
the V signal is far less affected by ringing noise at (). 
However, the increased impedance leads to a large Switching 
noise spike in the V signal. 

Because the noise near (), is Small while the Switching 
noise is significant, at time 40 nS control circuit 406 reduces 
the control signal to MOS transistor 402 to 1 V, as shown in 
the lower plot. At 1 V, the impedance of MOS transistor 402 
is lower than the prior setting. 
When switching event 3 occurs, because of the decreased 

impedance of MOS transistor 402, the V signal is more 
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10 
affected by ringing noise at (). 
noise spike is noticeably reduced. 

Because the noise near () is larger while the Switching 
noise is smaller, at time 60 nS control circuit 406 increases the 
control signal to MOS transistor 402 to 2 V, as shown in the 
lower plot. At 2 V, the impedance of MOS transistor 402 is 
increased. 
When switching event 4 occurs, because of the increased 

impedance of MOS transistor 402, the V signal is less 
affected by ringing noise at () However, the switching 
noise spike increases. 

During switching events 5 and 6, control circuit 406 con 
tinues to adjust the impedance of MOS transistor 402. 

After a number of such adjustments, control circuit 406 
makes a determination which value of impedance to use. 
When making the determination, control circuit 406 uses one 
or more predetermined criteria. For example, if the noise near 
(), is the only consideration, the setting used during 
switching event 2 (3V) might be chosen for the control signal, 
resulting in a significant impedance for MOS transistor 402. 
If a tradeoff between noise near (), and Switching noise 
is desired, the setting used during switching event 3 or 6 (1 V) 
might be chosen. 

However, the switching 

ipaterest 

Process 
FIG. 8 presents a flowchart illustrating the process of con 

trolling noise inaV signal in accordance with embodiments 
of the present invention. 
The process starts when the system determines if there is 

noise in the V signal (step 800). When making this deter 
mination, Some embodiments of the present invention com 
pare a amplitude of a first frequency range of the V signal 
with a amplitude of a second frequency range of the V signal 
and determine how a present noise in the V signal compares 
to a previous value of noise. Other embodiments down-con 
Vert the overall noise signal to a DC value (e.g., using a diode) 
and monitor the DC value in comparison to prior DC values. 
Yet other embodiments peak-detect the V signal to detect 
noise. 

Based on the determined noise in the V signal, the system 
adjusts a voltage applied to the gate of MOS transistor 402 
(see FIG. 4) to change the impedance of MOS transistor 402 
(step 802). For example, control circuit 406 can increase the 
impedance of MOS transistor 402 to decrease the overall 
impedance of the resonant circuit in a range of frequencies 
near (), or can decrease the impedance of MOS transis 
tor 402 to decrease the impedance of the resonant circuit at 
one or more other frequencies. 
The foregoing descriptions of embodiments of the present 

invention have been presented only for purposes of illustra 
tion and description. They are not intended to be exhaustive or 
to limit the present invention to the forms disclosed. Accord 
ingly, many modifications and variations will be apparent to 
practitioners skilled in the art. Additionally, the above disclo 
Sure is not intended to limit the present invention. The scope 
of the present invention is defined by the appended claims. 
What is claimed is: 
1. An apparatus for controlling noise in a power system that 

includes a power rail and a ground rail, comprising: 
a decoupling capacitor having a first lead which is coupled 

to the ground rail; 
a MOS transistor coupled to the decoupling capacitor, 

wherein a source of the MOS transistor is coupled to the 
power rail and a drain of the MOS transistor is coupled 
to a second lead on the decoupling capacitor; 

an inductive packaging connection coupled to the power 
rail, wherein the MOS transistor and the decoupling 
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capacitor are configured to be in parallel with the induc 
tive packaging connection, thereby forming a resonant 
circuit; and 

a control circuit with an input coupled to the power rail and 
an output coupled to a gate of the MOS transistor, 
wherein the control circuit adjusts a Voltage applied to 
the gate of the MOS transistor, thereby changing an 
impedance of the MOS transistor to reduce a noise in a 
frequency range near a frequency of interest (()) of 
the resonant circuit without causing an unnecessary 
increase in Switching noise at other frequencies, the 
control circuit comprising: 
a noise-sensing mechanism configured to monitor the 
V signal and output a present amplitude of the noise 
in the V signal in a predetermined frequency range 
near (), and a present amplitude of the noise at 
least one other frequency range of the V signal; and 

a determination mechanism configured to determine the 
voltage applied to the gate of the MOS transistor by 
comparing the present amplitude of the noise in the 
V signal in the predetermined frequency range near 
(), to at least one previous amplitude of the noise 
in the V signal in the predetermined frequency range 
near (), and by comparing the present amplitude 
of the noise in at least one other frequency range of the 
V signal to at least one previous amplitude of the 
noise in at least one other frequency range of the V, 
signal. 

2. The apparatus of claim 1, wherein when outputting the 
present amplitude of the noise in the V signal in a given 
frequency range, the noise-sensing mechanism is configured 
to sample the noise in the V signal two or more times and 
compute a value for the present amplitude that represents the 
two or more samples of the noise in the V signal. 

3. The apparatus of claim 1, wherein the noise-sensing 
mechanism is configured to down-convert the V signal to a 
DC signal and output the DC signal; and 

wherein the determination mechanism is configured to 
determine the voltage to apply to the gate of the MOS 
transistor by comparing a present value of the DC signal 
to at least one previous value of the DC signal. 

4. The apparatus of claim 1, wherein the noise-sensing 
mechanism is configured to detect a present peak in an ampli 
tude of at least one frequency range of the V signal and 
output the present peak; and 

wherein the determination mechanism is configured to 
determine the voltage to apply to the gate of the MOS 
transistor by comparing the present peak to a previous 
peak in the amplitude of the at least one frequency range 
of the V signal. 

5. The apparatus of claim 1, wherein the control circuit is 
configured to: 

increase the impedance of the MOS transistor to decrease 
the noise in the frequency range near (), or 

decrease the impedance of the MOS transistor to decrease 
the Switching noise at other frequencies. 

6. The apparatus of claim 1, wherein the decoupling 
capacitor is a metal-oxide-silicon (MOS) capacitor, a metal 
insulator-metal (MIM) capacitor, or a varactor. 

7. The apparatus of claim 6, wherein if the decoupling 
capacitor is a MOS capacitor, the MOS transistor is NMOS 
and the decoupling capacitor is PMOS or the MOS transistor 
is PMOS, and the decoupling capacitor is NMOS. 

8. The apparatus of claim 1, wherein the MOS transistor is 
configured to operate in a linear region, wherein a change in 
the voltage applied to the gate of the MOS transistor produces 
a proportional change in impedance of the MOS transistor. 
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9. The apparatus of claim 1, wherein () is one of a 

resonant frequency or a frequency of operation. 
10. A semiconductor chip for controlling noise in a power 

system that includes a power rail and a ground rail, compris 
ing: 

a set of circuitry coupled between the power rail and the 
ground rail, wherein the power rail and the ground rail 
provide electrical power for the set of circuitry; 

a decoupling capacitor having a first lead which is coupled 
to the ground rail; 

a MOS transistor coupled to the decoupling capacitor, 
wherein a source of the MOS transistor is coupled to the 
power rail and a drain of the MOS transistor is coupled 
to a second lead on the decoupling capacitor; 

an inductive packaging connection coupled to the power 
rail, wherein the MOS transistor and the decoupling 
capacitor are configured to be in parallel with the induc 
tive packaging connection, thereby forming a resonant 
circuit; and 

a control circuit with an input coupled to the power rail and 
an output coupled to a gate of the MOS transistor, 
wherein the control circuit adjusts a Voltage applied to 
the gate of the MOS transistor, thereby changing an 
impedance of the MOS transistor to reduce a noise in a 
frequency range near a frequency of interest (()) of 
the resonant circuit without causing an unnecessary 
increase in Switching noise at other frequencies, the 
control circuit comprising: 
a noise-sensing mechanism configured to monitor the 
V signal and output a present amplitude of the noise 
in the V signal in a predetermined frequency range 
near (), and a present amplitude of the noise at 
least one other frequency range of the V signal; and 

a determination mechanism configured to determine the 
voltage applied to the gate of the MOS transistor by 
comparing the present amplitude of the noise in the 
V signal in the predetermined frequency rane near 
(), to at least one previous amplitude of the noise 
in the V signal in the predetermined frequency range 
near (), and by comparing the present amplitude 
of the noise in at least one other frequency range of the 
V signal to at least one previous amplitude of the 
noise in at least one other frequency range of the V, 
signal. 

11. The semiconductor chip of claim 10, wherein when 
outputting the present amplitude of the noise in the V signal 
in a given frequency range, the noise-sensing mechanism is 
configured to sample the noise in the V signal two or more 
times, and compute a value that represents the two or more 
samples of the noise in the V signal. 

12. The semiconductor chip of claim 10, wherein the noise 
sensing mechanism is configured to down-convert the V 
signal to a DC signal and output the DC signal; and 

wherein the determination mechanism is configured to 
determine the voltage to apply to the gate of the MOS 
transistor by comparing a present value of the DC signal 
to at least one previous value of the DC signal. 

13. The semiconductor chip of claim 10, wherein the noise 
sensing mechanism is configured to detect a present peak in 
an amplitude of at least one frequency range of the V signal 
and output the present peak; and 

wherein the determination mechanism is configured to 
determine the voltage to apply to the gate of the MOS 
transistor by comparing the present peak to a previous 
peak in the amplitude of the at least one frequency range 
of the V signal. 
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14. The semiconductor chip of claim 10, wherein the con 
trol circuit is configured to: 

increase the impedance of the MOS transistor to decrease 
the noise in the frequency range near (), or 

decrease the impedance of the MOS transistor to decrease 
the Switching noise at other frequencies. 

15. The semiconductor chip of claim 10, wherein the 
decoupling capacitor is a metal-oxide-silicon (MOS) capaci 
tor, a metal-insulator-metal (MIM) capacitor, or a varactor. 

16. The semiconductor chip of claim 15, wherein if the 
decoupling capacitor is a MOS capacitor, the MOS transistor 
is NMOS and the decoupling capacitor is PMOS or the MOS 
transistor is PMOS, and the decoupling capacitor is NMOS. 

17. The semiconductor chip of claim 10, wherein the MOS 
transistor is configured to operate in a linear region, wherein 
a change in the voltage applied to the gate of the MOS tran 
sistor produces a proportional change in impedance of the 
MOS transistor. 

18. The semiconductor chip of claim 10, wherein (), is 
one of a resonant frequency or a frequency of operation. 

19. A method for controlling noise in a power system that 
includes a power rail coupled to an inductive packaging con 
nection, a ground rail, a MOS transistor, and a decoupling 
capacitor, wherein a source of the MOS transistor is coupled 
to the power rail and a drain of the MOS transistor is coupled 
to the ground rail through the decoupling capacitor, and 
wherein the MOS transistor and the decoupling capacitor are 
in parallel with the inductive packaging connection, thereby 
forming a resonant circuit, the method comprising: 

detecting noise in a V signal on the power rail by: 
comparing a present amplitude of the noise in the V, 

signal in a predetermined frequency range near a fre 
quency of interest ((),) of the resonant circuit to 
at least one previous amplitude of the noise in the V, 
signal in the predetermined frequency range near 
(interests and 

comparing a present amplitude at least one other fre 
quency range of the noise in the V signal to at least 
one previous amplitude at least one other frequency 
range of the noise in the V signal; and 
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based on the detected noise in the V signal, adjusting a 

voltage applied to the gate of the MOS transistor, 
thereby changing an impedance of the MOS transistor to 
reduce the noise in the frequency range near (), 
without causing an unnecessary increase in Switching 
noise at other frequencies. 

20. The method of claim 19, wherein comparing the 
present amplitude of the noise in the V signal in a given 
frequency range involves sampling the noise in the V signal 
in the frequency range two or more times and computing a 
value that represents the two or more samples of the noise in 
the V signal in the frequency range. 

21. The method of claim 19, wherein detecting noise in the 
V signal involves: 

down-converting the V signal to a DC signal; and 
comparing a present value of the DC signal to at least one 

previous value of the DC signal. 
22. The method of claim 19, wherein detecting noise in the 

V signal involves: 
detecting a present peak in an amplitude of at least one 

frequency range of the V signal; and 
comparing the present peak to a previous peak in the ampli 

tude of the at least one frequency range of the V signal. 
23. The method of claim 19, wherein changing the imped 

ance of the MOS transistor involves: 
increasing the impedance of the MOS transistor to 

decrease the noise in the frequency range near () 
O 

decreasing the impedance of the MOS transistor to 
decrease the Switching noise at other frequencies. 

24. The method of claim 19, wherein the method further 
comprises operating the MOS transistor in a linear region, 
wherein a change in the Voltage applied to the gate of the 
MOS transistor produces a proportional change in impedance 
of the MOS transistor. 

25. The method of claim 19, wherein co, 
resonant frequency or a frequency of operation. 

iterests 

is one of a 


